Twenty-three patients, 15 of whom had clinical and electrocardiographic evidence of previous myocardial infarction, were studied by coronary arteriography and biplane angiocardiography. End-diastolic volume ranged from 55 to 317 ml/m2, left ventricular mass from 83 to 294 g/m2 and ejection fraction from 0.13 to 0.75. An increased enddiastolic volume was associated with an increased left ventricular mass (r = 0.77, P <0.01). In 15 of the 23 patients mitral regurgitant volume ranged from 0.7 to 4.7 L/min/m2 and an end-diastolic volume greater than 154 ml/m2 was associated with mitral regurgitation. The ejection fraction was significantly reduced in the absence as well as the presence of mitral regurgitation. These observations on coronary artery disease in 23 patients with refractory angina pectoris or persistent congestive heart failure, or both, reveal that in this group of patients (1) a dilated left ventricle was hypertrophied and the extent of hypertrophy was proportional to the dilatation; (2) an enlarged left ventricle was frequently associated with mitral regurgitation; and (3) dilatation, hypertrophy, and mitral regurgitation were interpreted as manifestations of reduced left ventricular performance.
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Ventricular performance CARDIAC enlargement encountered in patients with coronary artery disease has been attributed to myocardial ischemia,1 hypertension,2 or congestive heart failure.3 '4 In addition, an enlarged left ventricle may result in mitral regurgitation,5 and papillary muscle dysfunction has been proposed as another mechanism for mitral insufficiency. 6 7 Incompetence of the mitral valve would provide a volume overload on the ventricle and produce further ventricular enlargement. Accurate clinical and pathological measurements of left ventricular chamber volume and degree of mitral regurgitation have been difficult in these patients. The present investigation was undertaken in patients with coronary artery disease manifesting refractory angina pectoris or congestive heart failure, or both, to quantitate left ventricular volume and mitral regurgitation and to relate these measurements to coronary arteriograms and to the extent of left ventricular hypertrophy.
Methods
Twenty-three patients with clinical coronary artery disease, 15 of whom had clinical and electrocardiographic evidence of previous myocardial infarction, were studied by coronary arteriography and biplane angiocardiography because of persistent chronic congestive heart failure or refractory angina pectoris. The examinations were performed to detect the presence of aneurysms, extensive ventricular scars or mitral insufficiency that might be corrected by surgery and to identify possible candidates for myocardial revascularization operations. Coronary arteriography was performed by the Sones technic. 8 Cardiac output was measured by the Fick principle at right heart catheterization. Biplane angiocardiography was performed at filming rates of 6 to 12 films per second, following left atrial or ventricular injection of contrast material, and left ventricular volumes were determined by the arealength method as previously described.9 Left ventricular wall thickness was added to chamber dimensions to estimate left ventricular mass. 10 The difference between the angiographic left ventricular stroke volume and forward stroke volume determined by the Fick output is the regurgitant flow per beat." Ejection fraction is the ratio of angiographic left ventricular stroke volume to end-diastolic volume. Patients with aortic valve disease, left ventricular aneurysms, or mural thrombi identifiable on the angiocardiograms were excluded from the present study. The angiocardiographic method for determining ventricular mass is not valid in the presence of ventricular aneurysms or mural thrombi that interfere with measurement of ventricular myocardial wall thickness.
Results
The clinical findings, including the chest roentgenogram and electrocardiogram are recorded in table 1. Neither a history nor clinical evidence for diastolic hypertension was obtained in any of the 23 patients. Sixteen patients described orthopnea and paroxysmal nocturnal dyspnea. Apical systolic murmurs were heard in 14 patients. Radiographic evidence of left ventricular enlargement on conventional anteroposterior and left lateral chest x-rays was observed in 17 patients and left atrial enlargement in 10 patients. Abnormal Q waves consistent with previous myocardial infarctions were present in the electrocardiogram in 15 of the 23 patients.
The data from biplane angiocardiography and coronary arteriography are recorded in table 2. End-diastolic volume ranged from 55 to 317 mI/M2 and left ventricular mass from 83 to 294 g/m2. The upper limit for normal end-diastolic volume is 99 ml/m2 and for normal ventricular mass 119 g/m2.'2 A significant correlation ( fig. 1 ) was found between end-diastolic volume and left ventricular mass (r = 0.77, P < 0.01). Of 18 patients with complete occlusion of one or more coronary arteries, 14 had mass values larger than normal and four were within the normal range. In the five patients demonstrating diffuse coronary disease without obstruction, three possessed significantly increased mass values and two were normal. Four electrocardiograms were interpreted by voltage as left ventricular hypertrophy, yet 17 patients possessed left ventricular masses larger than 119 g/m2.
In addition to left ventricular mass and enddiastolic volume in figure 1, left ventricular end-diastolic pressure is recorded for 22 of the 23 patients. Left ventricular end-diastolic pressure was less than 12 mm Hg in eight patients, ranging from 13 to 25 mm Hg in nine patients and exceeding 25 mm Hg in five patients. Two patients (nos. 4 and 10) with a history of heart failure had normal left ventricular mass values, yet left ventricular end-diastolic pressure was 36 and 40 mm Hg, respectively.
Fifteen of the 23 patients demonstrated mitral regurgitation by angiocardiography. Apical systolic murmurs were heard in 14 of the 15 patients; but in four patients, the apical murmur was not considered typical of mitral regurgitation. One patient (no. 4) without a murmur exhibited mitral regurgitation by angiography, but the volume of regurgitant flow was small. Apical systolic murmurs were not detected in the eight patients without angiographic mitral regurgitation. End-diastolic volumes ranging from 112 to 154 mI/M2 were found with and without mitral regurgitation. Although a significant relation between end-diastolic volume and mitral regurgitation was not demonstrated, end-diastolic volumes greater than 154 ml/m2 were associated with mitral valve incompetence ( fig. 2 ).
Normal left ventricular mass values were found in three subjects with and without -;Ci C.. A significant correlation was found between enddiastolic volume and left ventricular mass in the 23 patients with coronary artery disease. Left ventricular end-diastolic pressure was recorded in 22 patients (patient represented by open circle did not have left ventricular pressure measured). Patients with a left ventricular end-diastolic pressure greater than 25 mm Hg tended to have smaller mass values relative to diastolic volumes, indicating thinner left ventricular walls.
One patient in the group without mitral regurgitation and one patient possessing mitral regurgitation had normal ejection fractions of 0.75 and 0.68, respectively. The mean ejection fractions were 0.40 in the patients not having regurgitation and 0.30 in those demonstrating mitral regurgitation ( fig. 4 ). Although the ejection fractions were below the normal range (0.56 to 0.78)12 in 21 of the 23 patients, the values tended to be more reduced in the group with mitral regurgitation. However, the latter group also had more marked ventricular dilatation as shown in figure 2 .
Of the eight patients with coronary artery disease and no angiographic evidence of mitral regurgitation, the coronary arteriograms demonstrated occlusion of the right coronary artery in four, occlusion of the right and left circumflex in one, and occlusion of the right and left anterior descending in one. One patient revealed complete obstruction of the left circumflex and anterior descending, and one exhibited occlusion of the left anterior descending.
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Figure 2
Fifteen of the 23 patients demonstrated mitral regurgitation, and an end-diastolic volume larger than 154 ml/m2 was consistently associated with mitral regurgitation.
Of the 15 patients with mitral regurgitation, the right coronary was occluded in four, the right and circumflex left in two, the right and left anterior descending in two, the right with both branches of the left in one, and the left anterior descending in one. The coronary vessels were significantly narrowed without occlusion in five patients ( fig. 5 ). The mitral regurgitant volume in these 15 patients ranged from 0.7 to 4.7 L/min/m2. For each patient with mitral regurgitation, the end-diastolic volume and the regurgitant and forward flow per beat are illustrated in figure 6. Three patients (nos. 1, 2, and 6) underwent surgical repair of the mitral valve, and on two others (nos. 4 Patients with mitral regurgitation tended to possess left ventricular mass values larger than the upper limit of normal (119 g/m2).
Figure 4
Ejection fractions were reduced significantly below the normal range of 0.56 to 0.78 in the absence as well as the presence of mitral regurgitation. normal papillary muscles was observed in patient 1, and the papillary muscles were unremarkable in patient 4. Infarcted papillary muscles were observed in three patients (nos. 2, 6, and 13) . Coronary occlusions were demonstrated on the arteriograms in patient 1, with the dilated mitral annulus, and in patient 13, with papillary muscle infarctions. In two patients (nos. 2 infarctions and in patient 4, with unremarkable papillary muscles, the coronary arteriograms revealed diffuse coronary disease without occlusions.
Discussion
The incidence of cardiac enlargement in coronary artery disease has been well studied clinically and pathologically. Weiss and Weiss13 found radiographic evidence for cardiac hypertrophy in only 8 of 489 patients who survived an acute myocardial infarction. Master14 noted clinical cardiac enlargement in 29 hypertensive and 45 normotensive patients out of 500 men followed after coronary occlusions. In a study of cardiac pathology, Davis and Blumgart' found little or no cardiac hypertrophy with lesser degrees of coronary atherosclerosis and a slight degree of hypcrtrophy with more severe involvement of the coronary arteries. After excluding hypertension and other nonischemic cardiovascular disease, Friedberg4 found no evidence of cardiac hypertrophy in 100 pathological cases of coronary occlusion unless congestive heart failure had been present. In the absence of heart failure in subjects with coronary artery disease, Ellis and co-workers3 noted cardiac hypertrophy infrequently in those without coronary occlusions or myocardial infarctions, but hypertrophy occurred in about half of the patients with occlusions and infarctions. With a history of heart failure, hypertrophy was found in 50 to 60% of patients without occlusions and infarctions and in nearly all those with these lesions. At autopsy, heart weight can be accurately measured. However, accurate estimation of in vivo end-diastolic chamber size from postmortem studies is difficult, if not impossible, because rigor mortis reduces the chamber volume.15
In the present investigation 17 of the 23 patients with severe coronary artery disease demonstrated abnormally increased left ventricular mass values. The technics employed in the present study do not permit one to differentiate scar and fibrous tissue from muscle, and the values for left ventricular weight include scar and fibrous tissue plus myocardium. Although the larger mass values Circulation, Volume XLI, April 1970 were found in patients with one or more coronary arteries occluded, three patients with nonocclusive coronary disease possessed increased left ventricular masses. The patient exhibiting the largest left ventricular weight of 317 g/m2 demonstrated diffuse coronary narrowing without obstruction. A history of heart failure was associated with an increased mass value, and only two patients with heart failure revealed normal left ventricular weights. In the five patients with angina alone three demonstrated normal left ventricular masses and two elevated values. In these 23 patients a significant relation was found between left ventricular dilatation and left ventricular mass. Only one patient revealed an abnormally increased left ventricular mass with a normal end-diastolic volume.
Two subjects (nos. 4 and 10) had normal left ventricular mass values in the presence of enlarged end-diastolic volumes. Each of these subjects had striking elevation of end-diastolic distending pressure (36 and 40 mm Hg, respectively) that was associated with a thin left ventricular wall. In fact, as shown in figure 1 , the patients with the higher filling pressures tended to have the smaller mass values relative to diastolic volumes and, accordingly, the thinner ventricular walls. This may be a consequence of more acute heart failure, the ventricles reaching the limit of distensibility or a failure of hypertrophy mechanisms. Which of these factors was important could not be identified.
The amount of mitral regurgitation in 15 of the 23 patients ranged from 0.7 to 4.7 L/min/m2. Abnormal function of the papillary muscle is commonly invoked to explain apical systolic murmurs in coronary artery disease. However, only three of the five patients examined at surgery or autopsy demonstrated papillary muscle infarction. In addition to papillary muscle dysfunction or infarction, the enlarged ventricular chamber might contribute to the development of mitral incompetence. An end-diastolic volume greater than 154 ml/m2 was associated with mitral regurgitation in the present investigation. The ejection fraction tended to be lower in patients demonstrating mitral regurgitation than those with competent valves, and the larger end-diastolic volumes observed in these subjects may reflect further impairment of myocardial performance. Furthermore, mitral insufficiency, which imposes an additional volume load on a left ventricle with compromised coronary circulation, would have the effect of further increasing end-diastolic volume and the extent of hypertrophy.
In relating mitral regurgitation to the coronary arteriograms, no specific vascular lesion consistently resulted in mitral valvular incompetence. Experimentally, acute ligation of the canine circumflex coronary artery produces an increase in end-diastolic and endsystolic volumes, and a reduction in ejection fraction and mitral regurgitation. 16 However, Miller and co-workers17 could not produce mitral valve incompetence in the dog with infarction of either the anterior or posterior papillary muscle. In the present series significant mitral regurgitation was found in patients exhibiting diffuse narrowing by coronary arteriography as well as in patients with occlusion of the major coronary vessels. Two patients with infarcted papillary muscles and one with unremarkable papillary muscles demonstrated diffuse coronary narrowing without occlusions. Obstructed coronary arteries were shown on the arteriograms in one patient with a dilated mitral annulus and unremarkable papillary muscles and in another patient with papillary muscle infarction. Interestingly, the right coronary artery was occluded alone or in combination with branches of the left in nine of the 15 patients with mitral regurgitation. Shelburne and associates'8 have reported an increased incidence of severe right coronary lesions in mitral regurgitation due to papillary muscle dysfunction. Also, a higher incidence of mitral incompetence has been reported after posterior infarction than with anterior infarction. '9 Previously proposed mechanisms for ventricular hypertrophy in coronary artery disease include myocardial injury, hypertension, and congestive heart failure. Hypertension was not a contributing factor in the present group of patients. Left ventricular failure was manifested in 16 of the 23 patients by history, and each of these patients had an elevated volume with a reduced ejection fraction. Ventricular hypertrophy was present in all except two of these 16 patients with a history of heart failure. The association of an increased enddiastolic volume and left ventricular mass with a reduced ejection fraction supports the previous theories that muscle injury2u and heart failure21 with reduced ventricular performance can result in cardiac hypertrophy. Although left ventricular stroke volume may be maintained through dilatation and the Frank-Starling mechanism, the stimulus for ventricular hypertrophy may arise from muscle injury as well as increased systolic wall forces in a dilated ventricle. 21 22 The ventricular dilatation as shown in this study is often associated with mitral regurgitation, which provides a volume overload stimulus for further physiological hypertrophy.
Despite the ventricular hypertrophy in coronary artery disease, the ejection fraction remains significantly reduced and systolic wall forces are correspondingly elevated. Even though left ventricular dilation and hypertrophy are major compensatory mechanisms for volume overload and diminished ventricular performance, left ventricular mass is an important determinant of coronary blood flow. The increased ventricular mass presents an additional requirement for coronary blood flow in patients with coronary artery disease who have the problem of supplying adequate coronary blood flow.
